Plasmodium falciparum, the most virulent malaria parasite species, causes severe symptoms especially acute lung injury (ALI), of which characterized by alveolar epithelium and endothelium destruction and accelerated to blood-gas-barrier breakdown. Parasitized erythrocytes, endothelial cells, monocytes, and cytokines are all involved in this mechanism, but hemozoin (HZ), the parasitic waste from heme detoxification, also mainly contributes. In addition, it is not clear why type II pneumocyte proliferation, alveolar restorative stage, is rare in malaria-associated ALI. To address this, in vitro culture of A549 cells with Plasmodium HZ or with interleukin (IL)-1b triggered by HZ and monocytes (HZ-IL-1b) was conducted to determine their alveolar apoptotic effect using ethidium bromide/acridine orange staining, annexin-V-FITC/propidium iodide staining, and electron mircroscopic study. Caspase recruitment domain-containing protein 9 (CARD9), the apoptotic regulator gene, and IL-1b were quantified by reverse-transcriptase PCR. Junctional cellular defects were characterized by immunohistochemical staining of E-cadherin. The results revealed that cellular apoptosis and CARD9 expression levels were extremely high 24 h after induction by HZ-IL-1b when compared to the HZ-and non-treated groups. E-cadherin was markedly down-regulated by HZ-IL-1b and HZ treatments. CARD9 expression was positively correlated with IL-1b expression and the number of apoptotic cells. Interestingly, the localization of HZ in the vesicular surfactant of apoptotic pneumocyte was also identified and submitted to be a cause of alveolar resolution abnormality. Thus, HZ triggers monocytes to produce IL-1b and induces pneumocyte type II apoptosis through CARD9 pathway in association with down-regulated E-cadherin, which probably impairs alveolar resolution in malaria-associated ALI.
Introduction
Undeniably, there are several complications in severe malaria such as cerebral malaria, acidosis, jaundice, pulmonary edema, hypoglycemia, hyperparasitemia, shock, renal failure, and severe anemia. 1 Severe malaria pathogenesis is generally caused by the parasitized erythrocyte, which induces inflammatory responses, intravascular obstruction with concomitant cellular destruction. Consequential events, particularly tissue hypoxia, ischemia, and necrosis result from parasitized erythrocyte sequestration. 2, 3 In the lungs, these conditions are closely related to malariaassociated acute respiratory distress syndrome (ARDS). 4, 5 In addition, ARDS, the most severe form of acute lung injury (ALI), 6 is represented by acute onset, noncardiogenic pulmonary edema, hypoxemia, and respiratory failure. An essential cause of ALI is blood-gas-barrier breakdown where endothelial cells and type I and II pneumocytes are damaged. During this process, lung edema, as characterized by intravascular fluid leakage into the alveolar sacs, can occur. The loss of type I epithelial integrity and pneumocyte type II destruction decrease the removal of
Impact statement
The present work shows the physical and immunomodulatory properties of hemozoin on the induction of pneumocyte apoptosis in relation to IL-1b production through the CARD9 pathway. This occurrence may be a possible pathway for the retardation of lung resolution leading to blood-gas-barrier breakdown. Our findings lead to the understanding of the hostparasite relationship focusing on the dysfunction in ALI induced by HZ, a possible pathway of the recovering lung epithelial retardation in malaria-associated ARDS. alveolar fluid, worsening atelectasis and gas exchange. 7 Interestingly, although type II pneumocytes are responsible for lung resolution, their proliferation is not frequently found in ALI. 8 Additionally, with malaria-associated ARDS patients, there are no evidence of pneumocyte type II expansion or restoration in the affected lungs. 9 Therefore, the pathogenesis of malaria-associated ARDS in relation to type II pneumocytic apoptosis leading to lung resolving retardation needs to be additionally explored.
In a recent study, we revealed that hemozoin (HZ), a metabolite from parasitic digestion of hemoglobin in the erythrocyte, directly damages type II pneumocytes and causes cellular apoptosis. A positive correlation between the occurrence of ARDS and the degree of HZ deposition in the lungs was found in the patients with severe malaria. 9 Moreover, HZ can induce cellular destruction by activating monocytes and macrophages to produce several cytokines, but interleukin (IL)-1b especially 10 which is commonly identified in severe malaria cases. 11 Along these lines of thought, the present study aimed to examine the effect of HZ in cases where ALI was induced by direct and immunomodulatory effects, focusing on the mechanism involved in type II pneumocyte apoptosis. The experiments involved culturing pneumocytes with HZ, or with IL-1b triggered by HZ and monocytes (HZ-IL-1b). Apoptosis was detected by fluorescent microscope using ethidium bromide/acridine orange (EB/AO) staining and annexin V-FITC/propidium iodide (PI). To verify the occurrence of apoptosis, mRNA expression of CARD9 and IL-1b was investigated by quantitative reverse transcription polymerase chain reaction (qRT-PCRs). Moreover, junctional integrity of the basolateral adherens junction in the pneumocytes was investigated using immunohistochemistry with anti-human Ecadherin, a calcium-dependent cellular proliferation and cell division marker. 12 In addition, ultrastructural changes in the pneumocytes were examined using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Our findings augment current understanding of the host-parasite relationship, in terms of the dysfunction in ALI induced by HZ, whereby the resolution of lung epithelial damage is inhibited in malariaassociated ARDS.
Materials and methods

Cell lines
In vitro co-culture model in this study was conducted with two cell types: lung epithelial cells (pneumocyte type II; A549) and mononuclear cells (THP-1) both of which were obtained from American Type Culture (ATCC), USA. The human lung A549 cell (ATCC-CCL-185) is adenocarcinomic human alveolar basal epithelial cells. In nature, 80-90% of these cells are type II pneumocytes responsible for surfactant production and respiratory resolution, whereas 10-20% of them are type I pneumocytes responsible for gas exchange and diffusion of some substances, such as water and electrolytes, across the alveoli of the lungs. The human THP-1 cell line (ATCC-TIB-202) is a human leukemia monocytic cell, which resembles to primary monocytes and macrophages in its morphology and differentiation properties. To characterize the damage caused to lung epithelial cells or pneumocytes by HZ, in vitro co-culture of lung epithelium cells with HZ or HZ-IL-1b was conducted.
Cell cultures
A549 and THP-1 cells were maintained in RPMI-1640 complete medium supplemented with 10% inactivated fetal bovine serum and 1% penicillin/streptomycin (100 U/100 mg/ml). Cells were maintained at 37 C in 5% CO 2 atmosphere. The medium was changed every two to three days.
IL-1b triggered by HZ and monocytes (HZ-IL-1b). THP-1 cells at 1 Â10
4 cells/ml were seeded onto 12 well plates, 2 ml of complete RPMI-1640 medium was added and the cells were exposed to 20 mM HZ for 24 h. The co-cultured cells were centrifuged (1500 r/min, 4 C for 5 min), and the supernatant was collected and kept at À20 C with freezethaw avoidance until the experiments were performed.
Direct and immunomodulatic effects of HZ in human lung epithelial cells. For each experiment, 1 Â10 4 A549 cells/ml were seeded with complete RPMI-1640 medium as follows: (i) for TEM, the cells were seeded onto transwell permeable supports (0.4 mm pore-size, 6.5 mm diameter; Costar, Corning Inc., NY, USA), (ii) for light and SEM, the cells were seeded onto plastic cover slips (13 mm diameter; Thermanox, NY, USA), or (iii) for apoptotic staining, the cells were seeded onto 12-well plates (Costar, Corning Inc., NY, USA). The direct effects of HZ on the pneumocyte cells were examined by exposing the cells to 20 mM of HZ for 1, 6, 12, 24, and 48 h. This concentration of HZ was verified to establish an appropriate magnitude of apoptosis before use. To determine the immunomodulatory effects of HZ, the cells were exposed to HZ-IL-1b for the abovementioned incubation periods. Camptothecin (CPT) (4 mM) 13 was used as a concurrent positive control and complete RPMI-1640 medium was used as a negative control.
Apoptosis detection
EB/AO staining. The numbers and morphologies of apoptotic cells were examined by dual staining with EB/AO. EB is only taken up by cells when the integrity of the cytoplasmic membrane is lost, after which the nucleus will be stained red. Acridine orange (AO) permeates all cells, making nuclei appear green. At each time point, A549 cells were stained. This involved taking the 10 4 cells per ml collected by trypsinization with 0.25% Trypsin-EDTA and washing them with phosphate-buffered saline (PBS). The cells were centrifuged and the supernatant was removed. The cell pellet was re-suspended in 50 ml of complete culture medium. A 10 ml aliquot of 100 mg/ml EB/AO mixture was added to 20 ml of the cell suspension. Cellular morphology and apoptotic cell numbers were examined by fluorescence microscopy.
14 Detection of apoptotic cells by annexin V-FITC and propidium iodide staining. To verify the results of EB/ AO staining of apoptotic cells, annexin V-FITC and PI staining were used. Phosphatidyl serine externalization is indicative of early stage apoptosis, and therefore, apoptotic cells were quantified using the FITC Annexin V-propidium iodide apoptosis detection kit (ImmunoTools, Friesoythe, Germany). At various interval times, the cultured A549 cells were harvested by trypsinization with 0.25% Trypsin-EDTA. The cells were centrifuged and then washed in 0.1 M PBS. The pellet was resuspended in 90 ml of annexin V binding buffer (diluted 1:1), and then stained with 5 ml of FITC-conjugated Annexin V (diluted 1:10) and 5 ml of PI solution for 20 min in the dark. Finally, 400 ml of binding buffer was added with gentle mixing and the solution was kept on ice before immediate examination by fluorescence microscopy. 15 Interpretation of apoptotic cell staining EB/AO staining. The apoptotic staining pattern of EB/AO was differentiated according to the following criteria: normal cells, green with regular nuclei; early apoptotic cells, yellow to green with fragmented nuclei or condensed chromatin; late apoptotic cells, orange to red with fragmented nuclei; necrotic cells, red with pyknotic nuclei. 14, 16 AnnexinV-FITC PI staining. The annexin V-FITC/PI staining pattern categories of the apoptotic cells were determined as follows: Green coloration represents early apoptotic cells, green and red coloration represents late apoptotic cells, red coloration from PI in the nucleus represents necrotic cells, and normal cells with regular membrane integrity were not stained by annexin V/FITC or PI. 15 Scanning electron microscope. Selected A549 cells on cover slip were washed with 0.1 M sucrose phosphate buffer (SPB), fixed with 2.5% glutaraldehyde in 0.1 M SPB, pH 7.4 for 1 h, and then washed with the same buffer for three times, for 10 min. After air-drying, the specimens were placed on aluminum stubs, coated with gold in gold sputter machine (model K550, Emitech Ltd, Kent, England), and examined under SEM (model JSM-6610LV, JEOL, Tokyo, Japan).
Transmission electron microscope. To characterize internal fine morphology resulting from HZ-induced ALI, the selected A549 cells on a transwell membrane were washed twice in PBS, and fixed with 2.5% glutaraldehyde in 0.1 M SPB for 1 h. 17 The cells were then subjected to post-fixation with 1% osmium tetroxide for 1 h and then washed at least three times with 0.1 M SPB. The cells were dehydrated with a graded ethanol series (30%, 50%, and 70%; 10 min each). Infiltration was achieved using LR white resin with 70% ethanol (1:1 and 2:1) for 30 min each at room temperature followed by 100% LR at 4 C for overnight. The membrane was transferred to absolute LR white in a beam capsule to avoid exposure to air. The capsules were incubated in a 60 C oven for 48 h and the samples were cut into ultrathin sections (90 nm) using an ultramicrotome. The ultrathin sections were post-stained with uranyl acetate for 1 min (light exposure was avoided), lead citrate was added for 3 min (CO 2 exposure was avoided) followed by washing in CO 2 -free water. The samples were stored in desiccators until examination by TEM (model HT7700-6610LV, Hitachi, Tokyo, Japan).
Quantitative reverse transcriptase polymerase chain reaction. To investigate the role of apoptotic genes and cytokine gene expression in HZ-induced ALI, the expression levels of CARD9 and IL-1b genes were measured in the pneumocytes. RNA was isolated with TRIZOL reagent (Invitrogen, MA, USA). Reverse transcription of the mRNA to generate cDNA and qRT-PCR was conducted using the KAPA SYBR FAST One-Step qRT-PCR Kit (KAPA BIOSYSTEMS, Californai, USA). The CARD9 primer sequences were 5 0 -TCCGACCTGGAAGA TGGCTCAC-3 0 (forward primer) and 5 0 -CAGAGCTGC AAAGGGCTGTTTC-3 0 (reverse primer). The IL-1b primer sequences were 5-ACAGATGAAGTGCTCCTTCCA-3 0 (forward primer) and 5 0 -CAGAGCTGCAAAGGGCT GTTTC-3 0 (reverse primer). The b-actin mRNA expression level was used for normalization with 5 0 -GGCCAGGT CATCACCATT-3 and 5-GTCGGAGATTCGTAGCTGGAT-3 0 forward and reverse primers, respectively. qRT-PCR was performed using the CFX96 Touch TM Real-time PCR detection system thermocycler and the relative mRNA levels were calculated using the 2 ÀDDC T method. 18, 19 Immunohistochemistry. To identify junctional defects in HZ-induced ALI, A549 cells on cover slips were washed in PBS twice, fixed with 4% paraformaldehyde in PBS for 15 min, and then washed in wash buffer (EnVision TM FLEX, DAKO, USA) twice. The cells were permeabilized with 1% Triton-X 100 in PBS for 30 min on ice, washed three times, and incubated with EnVision TM FLEX peroxidase-blocking reagent (DAKO, USA) for 10 min at room temperature. Purified mouse anti-human E-cadherin (BioLegend, San Diego, CA, USA) was added to the cells for 1 h at room temperature. The cells were then washed and EnVision TM FLEX/HRP (DAKO, USA) was added for 1 h. After rewashing, the cells were incubated in 3 0 -diaminobenzidine (DAB, DAKO, USA) for 5 min. The DAB reaction was stopped by washing in tap water for 10 min. The cells were then counterstained with hematoxylin for 15-30 s, mounted, and then examined by light microscopy. To determine whether junctional alteration occurs during HZ-and HZ-IL-1b-induced apoptosis, at least 10 medium power fields (10Â)/group were examined to determine the degree of intensity score multiplication and the area of expression (H-scores), following the method used in our previous study. 9, 20 Briefly, the intensity score was graded into three levels: 0 for no staining, þ1 for low-intensity staining, þ2 for mediumintensity staining, and þ3 for high-intensity staining. The expression area was determined using an image analysis program (ImageJ V R Version 1.36; NIH, USA). The color images obtained were transformed to gray scale, the labeling area was located using the threshold mode, and the values obtained were calculated as the percentage expression.
Immunogold labeling of LC-3 (microtubule-associated protein 1 light chain 3). The ultrathin sections were incubated in 50 mM glycine in PBS (pH 7.4). Non-specific binding in the sections was blocked with 5% bovine serum albumin (BSA) (25557, EMS, USA) pH 7.4. The sections were washed with incubation buffer (0.1% BSA in PBS) followed by incubation in rabbit polyclonal anti-LC3 antibody (MyBioSource, San Diego, USA) for 1 h. The sections were incubated in goat anti-rabbit IgG conjugated with 5 nm gold particles (G7402, Sigma Aldrich, Germany). Afterwards, the sections were washed with incubation buffer and distilled water for 1 h, and then treated with the Aurion R-Gent SE-EM kit, 25521 silver enhancement kit (EMS, USA) to enhance the gold signaling. The sections were post-stained with uranyl acetate for 1 min, lead citrate for 3 min and then washed in CO 2 -free water. The samples were stored in desiccators until TEM was performed.
Statistical analysis. All the data presented herein are the mean AE standard error of mean and the analysis used PASW V R Statistics version 18.0 software (SPSS Inc., Chicago, USA). Kolmogorov-Smirnov Goodness of fit was used to test the data distribution of all the quantitative parameters such as apoptotic scores, cell numbers, percentage of positive cells, H-score and relative mRNA expression levels. ANOVA and correlation tests were used to differentiate the differences between the groups in this study. Curve estimation was used to evaluate the apoptosis levels over time. Statistical significant was determined at P-values of 0.05.
Results
Determining the concentration of HZ required to induce apoptosis
The HZ dosage was determined before use. Apoptotic pneumocytes were characterized by cytoplasmic blebing and hyperchromatic nucleus as shown in Figure 1 . With A549 cells, HZ concentrations of 2, 5, and 10 mM were not appeared an enough number of apoptotic cells, with 20 mM of HZ being more effective. However, at a 100 mM concentration, HZ induced excessive cellular apoptosis. Consequently, the cells were exposed to HZ at 20 mM because this was the minimum concentration capable of initiating visually obvious apoptosis.
HZ can induce apoptosis in A549 cells by direct and immunomodulatory effects
The direct and immunomodulatory effects of HZ on A549 cells were determined by examining cellular apoptosis. After A549 cells were exposed to HZ and HZ-IL-1b, apoptosis was evaluated using EB/AO, Annexin V-FITC/PI, and ultrastructural studies. ............................................................................................................................................................ 
EB/AO staining
The HZ-IL-1b-treated cells had higher levels of apoptosis than the cells treated with HZ alone. The effects of HZ exposure in the A549 cells were also investigated over time. Treated cells were differentiated by green colorization with regular nuclei (normal) (Figure 2(a1) ), yellow to green colorization with fragmented nuclei or condensed chromatin (early apoptotic cell) (Figure 2(b1) ), orange to red colorization with fragmented nuclei (late apoptotic cell) (Figure2  (c1) ), whereas necrotic cells were red in color with pyknotic nuclei (Figure 2(d1) ). After the A549 cells were treated with HZ-IL-1b for 1 h, apoptosis occurred rapidly unlike the A549 cells treated with HZ or CPT. After 6 to 12 h exposure to HZ or CPT, the numbers of apoptotic A549 cells increased, while the cells treated with HZ-IL-1b for 24 h had the highest numbers compared with the CPT-and HZ-treated groups (Figure 3(a) ).
AnnexinV-FITC/PI staining
Annexin V and PI staining claimed that when A549 cells exposed to HZ, HZ-IL-1b, and CPT, they highly presented an early apoptosis during first 24 h when compared to nontreated group. However, no significant differences were observed among the treatment groups. Additionally, HZ with HZ-IL-1b treatment tended to induce higher levels of apoptosis than that observed with CPT or HZ alone, as compared with the no treatment group (Figure 3(b) ). The stages of cellular apoptosis were differentiated by their coloration; green stained early apoptotic cells (Figure 3(b1) ) and green via red stained late apoptotic cells (Figure 4  (c1) ). The cells with only red stained nuclei were necrotic cells (Figure 4(d1) ), whereas normal cells with regular membrane integrity were not strained after annexin (Figure 4(a1) ). Interestingly, there was a positive correlation between a number of apoptotic cells from EB/AO and Annexin V-FITC/PI staining techniques (Spearman's rho correlation ¼ 0.315, P ¼ 0.000) ( Figure 5(a) ). The results of the EB/AO and annexin V-FITC/PI staining tests to detect apoptosis enabled us to predict the trend underlying apoptosis in the A549 cells (with or without treatment), via estimation curves. Almost all the curves had cubic-shaped correlations and had the highest r 2 values when compared with curves of other shapes and also had significant P-values, as shown in Table 1 .
Scanning electron microscopic study
SEM was performed to examine the external surfaces of the apoptotic cells in three dimensions after HZ, CPT, or HZ-IL-1b treatment. The apoptotic cells in all the treatment groups showed membrane blebbing, unlike the nonapoptotic pneumocytes, which had intact membranes ( Figure 6(a) to (d) ).
Transmission electron microscopic study
TEM was performed to examine the intracellular morphologies of the apoptotic cells when destroyed by exposure to HZ, CPT, or HZ-IL-1b. The ultrastructural changes in the A549 cells treated with HZ for 24 h are shown in Figure 6 (e) and (f), which mainly presents as an accumulation of HZ in the apoptotic type II pneumocytes.
HZ treatment upregulated the levels of IL-1b and CARD9
It is well established that A549 cells are activated by foreign bodies to produce IL-1b and CARD9. 21, 22 Therefore, the IL1b and CARD9 transcript levels in these cells were investigated using qRT-PCR. The results showed that expression of IL-1b and CARD9 mRNAs was higher in the A549 cells treated with HZ and HZ-IL-1b than in the non-treated group. Interestingly, HZ-IL-1b and CPT both induced the highest expression of these two genes when compared to HZ alone or the non-treatment group (Figure 7) . In addition, a positive correlation between IL-1b and CARD9 gene expression was noted (Spearman's rho correlation ¼ 0.817, P ¼ 0.007) (Figure 5(b) ).
HZ is capable of suppressing E-cadherin function
E-cadherin protein is located basolaterally between the cells in adherens junctions, especially in epithelial cells. This protein is responsible for the integrity of the airway barrier and is capable of preventing environmental substances accessing the submucosal regions of the airways. 12, 23 To characterize the effect of HZ on the A549 cells, we immunohistochemically stained this junctional marker in pneumocyte cells. Figure 8(a) to (d) shows an E-cadherin immunolabeled junction between the cell-to-cell interfaces. The results also revealed that E-cadherin expression was down regulated in all the treatment groups except in the non-treated control group (Figure 8(e) ). We also found that the HZ-IL-1b-treated group had the most suppressed level of E-cadherin expression.
Lipid surfactant in multivesicular bodies was substituted for HZ in A549 cells to induce apoptosis It has been established that the pulmonary surfactant produced by type II pneumocytes is deposited in MBs, 24 but several factors affect its production and secretion. Interestingly, our electron microscopic studies revealed that HZ accumulated in the MBs in the HZ-treated apoptotic A549 cells (Figure 9 ). The A549 cells co-cultured with HZ presented as apoptotic pneumocytes, as indicated by the presence of disintegrated cytoplasm and accompanying HZ accumulation. To investigate the autophagic activity of type II pneumocytes during apoptosis, LC-3 ............................................................................................................................................................ immunogold labeling was conducted. The results showed that pneumocytes with HZ deposition had higher levels of LC-3 labeling than intact pneumocytes (Figure 10 ).
Discussion
Lung alternations in falciparum malaria include airflow obstruction, impaired ventilation, reduced gas transfer, and increased respiratory phagocytic activity. 25 The worsening or persistence of these gas exchange abnormalities after treatment and beyond the expected time of parasitized clearance reflects a prolonged inflammatory response and the genesis of ALI. In animal studies, once in the circulation, HZ is rapidly taken up by circulating mononuclear cells and tissue macrophages in relevant to the production of pro-inflammatory mediators, such as IL-1b and tumor necrotic factor (TNF)-a . 26 HZ itself also induces a strong alveolar inflammatory response and contains pro-oxidative property. 27 Regarding to the capacity of HZ, it triggers the innate immune response and inflammatory signaling pathways. 28 In addition, several pathological changes for instance alveolar thickening membrane, fluid deposition in alveolar sac, hyaline membrane formation, HZ pigment ladened macrophage, and parasitized erythrocytes with endothelial cells damage are found in patients with malaria-associated ARDS. 9 Notably, the lungs of patients with ARDS have high HZ pigment deposition when compared with non-ARDS patients and intact lungs. All of these occurrences indicate an important role of HZ to the severity and pathogenicity of ALI in severe malaria pathogenesis.
In this study, the effect of HZ on pneumocyte type II during ALI, focusing on the lung resolution was conducted. The results revealed that HZ modulated pnuemocytic apoptosis in association with both direct and immunomodulatic effects. The immunomodulatory effect ............................................................................................................................................................ was characterized by the triggering of mononuclear cells to produce IL-1b, which led to apoptosis as shown by apoptotic staining, apoptotic gene expression (CARD9), and a junctional defect via down-regulation of E-cadherin and the subsequent loss of alveolar integrity and impediment of lung resolution ( Figure 11 ). It is well described that apoptosis in lung epithelial cell is a potentially important factor contributing to the loss of pneumocyte cells subsequent to the development of ALI in infancy. 29 Furthermore, various apoptotic markers are used to be candidate for cellular apoptosis detection in ALI. For example, caspase-cleaved cytokeratin-18 increases in bronchoalveolar lavage fluid during ALI. 30 Caspase-3, Bax, and p53 are also increased in the lungs from patients who died with ALI. 31 Moreover, the apoptosis regulator gene CARD9 is also involved in the apoptotic pathway and interacts with BCL-10 to regulate nuclear factor-kappa B (NF-jB) 18, 32 to signal the innate immune response in the lungs. 33 Therefore, it is point out that NF-jB is an important regulator for ALI cooperating to the role of IL-1b and CARD9. Interestingly, it has been reported that NF-jB is a crucial factor that modulates apoptosis in the brain, kidney, and liver during severe malaria. [34] [35] [36] The relationship between apoptosis and its regulatory factors (e.g., CARD9, BCL-10, and NFjB) suggests that the CARD9 pathway may be involved in type II pneumocyte apoptosis and plays an important role in ALI during severe malaria, and also be an aggravating factor that retards alveolar restoration.
Not only immunomodulatic effect of HZ that contributes to apoptosis or cellular destruction, the physical property based on its characteristic and morphology is an additional considered factors. Actually, HZ crystal leads to permanent destruction of the cells and their functions. 37, 38 The ultrastructural studies reported herein on HZ have revealed that its crystal-like structure and shape with sharp edges (Figures 6 and 9 ) can directly irritate cells and result in cellular damage. In fact it has already been reported that differences in the size and shape of HZ are implicated in the severity of cell injury, in terms of cellular biochemical and morphological interference. 39 Lung epithelial injury and apoptosis are critical factors underlying the mechanism of damage in ALI. 40, 41 Therefore, this study exploited the different staining patterns of EB/AO and annexin V-FITC/PI to investigate apoptosis in pneumocytes treated with HZ Figures 2 and 4 . EB/AO stained nucleus, whereas AnnexinV-FITC/PI stained membrane and cytoplasm. 42 The Annexin conjugated with FITC was stuck into phosphatidylserine which is located on the membrane and flipped out during cellular apoptosis. Moreover, the apoptotic cells in advance stage were dramatically membrane destroyed, PI was able to directly penetrate through the nucleus. 43 Interestingly, regarding to our results ( Figure 5 ), there was a positive correlation between a number of apoptotic pneumocyte using EB/AO and Annexin V-FITC staining.
This correlation confirmed the validity of the obtained results in this study. During malaria-associated ARDS, which is the severest form of ALI, breakdown of the blood-gas-barrier causes a deterioration in the endothelial-epithelial and epithelialepithelial cell layers. 44 Therefore, cellular detachment or junctional defects are important factors to be considered in this context. In this study, E-cadherin, which is found in the basolateral adherens junctions generally located on epithelial cells, was selected as a marker to determine the effect of HZ-induced junctional alteration. Subsequently, our results showed that when A549 cells are exposed to HZ and HZ-IL-1b, E-cadherin expression was suppressed (Figure 8 ), leading to cellular interaction losses. It is clear that junctional defects have a negative effect on cell viability and cause imbalance of cellular homeostasis. 45 Moreover, effective alveolar epithelium restoration hinges on appropriate coordination between rearrangement and reformation of a functional barrier, and several factors are involved in this process, especially E-cadherin protein, extracellular matrix turnover, and reestablishment of type II pneumocytes. 46 Regarding to our results, alveolar epithelial restoration was impeded subsequent to type II pneumocyte apoptosis and losing of cell-to-cell interaction characterized by down-regulation of E-cadherin.
Furthermore, our ultrastructural study revealed that an important morphological change had occurred in the apoptotic type II pneumocytes: membrane blebbing ( Figure 6 ). Of note, the transmission electron micrographs showed that the cytoplasm had disintegrated in the apoptotic type II pneumocytes, and that HZ was deposited in the surfactant vesicles that generally contain lipid material, as represented by multivesicular bodies (MBs) (Figure 9 ). It is assumed that HZ dissolves completely in the lipids within the parasite's digestive vacuole, which is a necessary requirement for its crystallization and production. 47 In vivo study indicated that HZ alters the lipid composition of the surfactant from phosphatidylcholine and esterified cholesterol to lysophosphatidylcholine, which possibly contributes to malaria-associated ARDS. 48 In accordance with our study, replacing HZ in the vesicles provided additional evidence to support the interfered role of HZ in alveolar surfactant alteration, which is central feature of the pathogenesis of ALI. However, the reason(s) why HZ is observed in lipid vesicles requires further investigation. We also conducted immunogold labeling of LC3, a marker of modulatory autophagy, in A549 cells and found that apoptotic pneumocytes with HZ deposition had higher LC3 labeling than those without ( Figure 10 ). Moreover, it has been reported that LC3 has a close relationship with all stages of apoptosis, with time-dependency in several diseases (e.g. neurodegenerative diseases) 49, 50 and in ALI also. 51 Identifying LC3 labeling in association with HZ accumulation suggests that HZ can induce apoptosis via its direct or immunomodulatory roles. Nevertheless, the role played by HZ in autophagy and apoptosis requires additional studies to uncover the underlying mechanistic details. In summary, it can be concluded that HZ alone, and HZ with its immunomodulatory effects on immunological cells such as monocytes, was able to induce pneumocyte apoptosis in relation to IL-1b production through the CARD9 pathway. This occurrence may be a possible pathway for the retardation of lung resolution leading to blood-gas-barrier breakdown, as characterized the by down-regulation of E-cadherin.
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